R ecent advances in nanotechnology offer exciting opportunities for the development of effective methods of disease diagnosis and treatment, as multiple imaging and therapeutic agents can be incorporated into nanoparticles (<100 nm) for targeted delivery. 1À5 Because these functional nanostructured materials are intrinsically heterogeneous, high-resolution physical and chemical characterization on a particleby-particle basis is essential for successful clinical translation. 6À8 In addition to measurements of particle size and size distribution, biochemical properties such as the amount of therapeutic agent encapsulated or the number of targeting ligands conjugated to the surfaces of individual nanocarriers must be analyzed to achieve sufficient control for the synthesis of nanomedicines with consistent biological activities. However, the nanoscale dimensions and the limited number of cargo molecules encapsulated make singlenanoparticle characterization one of the biggest challenges in nanomedicine development. 6 Although single-particle techniques have progressed significantly in the detection, sizing, and counting of nanoparticles, simultaneous assessments of biochemical attributes are generally lacking.
9À15
Flow cytometry (FCM) is a well-established technique for high-throughput, quantitative, and multiparameter analysis of individual cells and microscopic particles.
16À18 Information regarding particle size, shape, and morphology can be gathered via light scatter measurements, and biochemical attributes, such as the nucleic acid content, enzymatic activity, and antigenic determinant of biological cells, can be characterized via fluorescent labeling. However, it has been extremely difficult for conventional flow cytometry to detect particles smaller than 200 nm in diameter based on light scattering. 19 Great efforts have been made to detect single nanoparticles and viruses using customconstructed flow cytometers, 20À24 and a 74 nm diameter polymer nanoparticle is the smallest particle that has been reliably detected based on scattering. 22 Among optical techniques, elastic light scattering represents the simplest and most direct method of particle detection because it is label-free and applicable to all types of materials, including nonfluorescent and nonmetallic particles. Although single-molecule fluorescence detection has become routine in the laboratory, the light-scattering detection of single dielectric nanoparticles such as lipids, polymers, mesoporous silica, and virus-based drug delivery systems with sizes smaller than a few tens of nanometers remains a significant challenge. There are two major reasons for the difficulty of detecting such particles. First, according to the Rayleigh scattering theory, for spherical nanoparticles with sizes much smaller than the wavelength of the incident light, the intensity of the scattered light falls off with the sixth power of particle size, and the scattering cross section (σ scatt ) is given by
where d is the particle diameter, λ is the wavelength of the incident light, n med is the refractive index of the medium surrounding the particle, and m is the ratio of the refractive indices of the particle (n particle = n rel þ in im ) and the medium (n med ). This strong size dependence renders the scattered light intensity of very small particles to rapidly vanish below the background noise. For example, the scattering cross section (σ scatt ) of a 25 nm diameter silica nanoparticle is only 0.0081 nm 2 at 532 nm, which is less than 1/3 of the absorption cross section (σ abs ) of a typical singlechromophore fluorescent dye such as fluorescein isothiocyanate (a molar extinction coefficient of 68 000 M À1 cm À1 corresponds to an absorption cross section of 0.026 nm 2 ). Second, the techniques that are employed to achieve single-molecule fluorescence detection, such as the spectrally filtered detection of Stokes-shifted fluorescence emission and the timegated detection of delayed fluorescence photons for the rejection of spontaneously scattered light, 26 cannot be implemented to discriminate the elastically scattered light of a target particle against the scattering background from particle surroundings. In order to overcome the sixth-power scaling law of measuring the scattered intensity, interferometric techniques have been applied, in which the weak scattered field is combined with a reference field and the detected signal scales with the particle size to the third power as opposed to the sixth power. 9, 12, 27 Detection of single polystyrene nanoparticles of 30 nm in diameter and single gold nanoparticles below 10 nm in diameter has been demonstrated using interferometric measurements. 28, 29 In this study, we present the development of highsensitivity flow cytometry (HSFCM) which demonstrates that light elastically scattered by single silica and gold nanoparticles as small as 24 and 7 nm in diameter, respectively, can be distinguished from the background via the direct measurement of the scattering intensity. This unprecedented sensitivity enables high-resolution nanoparticle sizing. Through concurrent fluorescence detection, quantitative multiparameter characterization of clinical nanomedicine is demonstrated through investigations of doxorubicinencapsulated liposomes and small interfering RNA (siRNA)-loaded lipid nanoparticles.
RESULTS AND DISCUSSION
Apparatus and Detection Scheme. Our approach to the sensitive light-scattering detection of nanoparticles is inspired by strategies for single-molecule fluorescence detection in a sheathed flow, that is, a reduced probe volume for background reduction, an extended particle transit time for increased photon generation, and photon burst detection. 26, 30 However, in our earlier instrument design, the single-photon counting avalanche photodiode (APD) detector used for fluorescence detection could not be applied for lightscattering detection of single nanoparticles due to the easy saturation of background scattering. 23 With PMT as the detector, the best signal-to-noise (S/N) ratio achieved for 100 nm diameter polystyrene beads was 104. 24 When the sixth-power dependence of light scattering on particle size is considered, significant sensitivity enhancement is required in order to detect dielectric nanoparticles as small as a few tens of nanometers in diameter. Figure 1a illustrates the schematic design of the current HSFCM system. In brief, a nanoparticle suspension is introduced into the center of a squarebore sheath-flow cuvette through a tapered quartz capillary (40 μm i.d. Figure 1 ). Each nanoparticle passing through the interrogation volume produced a pulse or burst of photocurrent on both the SS and FL detection channels. For each burst, the integrated number of detected photons was recorded as the burst area. The S/N ratios, which were calculated as the average burst height of 3551 nanoparticles detected in 1 min divided by the standard deviation of the background signal (noise), were found to be 486 and 561 for SS and FL detection, respectively. The effects of the excitation laser power on both the SS and FL detection were studied. Whereas the S/N ratio of the fluorescence reached a maximum at approximately 5 mW and began to decrease thereafter because of fluorescence saturation, the detection sensitivity for light scattering continued to increase with increasing laser power ( Figure 1c and Supporting Information Figure 2 ). These results suggest that a higher laser excitation energy density can be used to enhance the scattered light from single nanoparticles.
Light-Scattering Detection of Single Nanoparticles in the Low Nanometer Size Range. Employing the maximum laser power (160 mW) available to the current system and a focused laser spot of ∼6.4 μm in diameter, the lightscattering detection of single nanoparticles was attempted for silica and gold nanoparticles in the low nanometer size range (Supporting Information section 1 and Figure 3 ). The representative burst-trace data presented in Figure 2a1 indicate that single silica nanoparticles of 29 nm in diameter (σ scatt = 0.020 nm 2 ) could be detected with an S/N ratio of 27. The excellent discrimination of the signal from the background noise resulted in a well-defined SS burst-area distribution profile (Figure 2a2 ). An S/N ratio of 7 was achieved for the light-scattering detection of 24 nm diameter silica nanoparticles (σ scatt = 0.0063 nm 2 ), although their light-producing power is equivalent to that of only 0.3 Alexa Fluor 532 molecules (Supporting Information section 3). On the other hand, due to the refractive index difference between silica (1.46) and polystyrene (1.59) at 532 nm in aqueous solution, a silica nanoparticle scatters approximately 4 times less light than ARTICLE a polystyrene nanoparticle of the same size. 31 Therefore, pushing the detection limit for single dielectric nanoparticles from the previous state-of-the-art detection of ∼75 nm diameter polystyrene nanoparticles 22 down to ∼25 nm silica nanoparticles in the present study represents a gain of more than 3 orders of magnitude in sensitivity. To further demonstrate the sensitivity of the HSFCM system, gold nanoparticles of much smaller sizes were analyzed. Taking advantage of the localized surface plasmon resonance, 32 single gold nanoparticles as small as 10.4 and 6.7 nm in diameter were detected with S/N ratios of 53 ( Figure 2c ) and 5 ( Figure 2d ), respectively. We attribute the remarkable sensitivity of HSFCM in the light-scattering detection of single nanoparticles to the combined effects of (1) a further reduction of the detection volume down to ∼10 fL by reducing the sample stream diameter and the focused laser beam spot size to minimize background emission, (2) a relatively long particle dwell time in the laser beam (∼0.3 ms) and a relatively high laser excitation energy density (∼5.0 Â 10 5 W/cm 2 or ∼1.3 Â 10 24 photons/s 3 cm 2 ) to generate more scattered photons (∼2 Â 10 4 for a 24 nm diameter silica nanoparticle), (3) the use of a single photon counting APD detector to achieve a high quantum efficiency of photon detection, and (4) an excellent optics to restrict the field-of-view of the APD detector solely to the sample stream for very good background rejection. High-Resolution Sizing of Single Nanoparticles Based on the Scattered Light Intensity. By virtue of the exceptional sensitivity achieved in the light-scattering detection of single nanoparticles, we then examined the resolving power of HSFCM for the measurement of nanoparticle sizes by analyzing a mixture of monodisperse silica nanoparticles in five sizes ranging from 40 to 90 nm in diameter (Supporting Information Figure 4 ). To avoid APD saturation for large nanoparticles and to provide a more uniform radiation field in the sample fluid, a laser excitation power of 16 mW and a focused laser beam width of ∼16 μm were used. A representative SS burst trace reveals that the peak heights clustered around five different amplitude levels, which corresponded to the five differently sized nanoparticle populations (Figure 3a) . Because the particle analysis rate can approach 100À200 events per second, a statistically representative histogram of the SS burstarea distribution was obtained by rapidly interrogating thousands of nanoparticles individually at a time interval of 1 min, and baseline separation among the different populations was achieved (Figure 3b) . It is worth noting that the dramatic (sixth-order) dependence of the light scattering on the particle size can be a double-edged sword. Once sufficient sensitivity is achieved, a 10% difference in particle diameter translates into an approximately 77% difference in lightscattering intensity, which yields high-resolution nanoparticle sizing.
When individual pure suspensions of silica nanoparticles of the five different sizes were measured via dynamic light scattering (DLS), significant overlap was observed in the compiled size distribution profiles (Figure 3d ). When the centroids of the SS burst areas obtained from the fitted Gaussian curves (Figure 3b ) were plotted as functions of the median diameters determined through transmission electron microscopy (TEM) for each nanoparticle population (Figure 3c ), the resulting curve exhibited an approximately sixthorder dependence of intensity on particle size, in excellent agreement with the Rayleigh scattering theory (Figure 3e ). Using this calibration curve, the particle size could be obtained by calculating the SS burst area, and the resultant size distribution profiles (Figure 3f ) closely resembled those determined via TEM (Figure 3c) . TEM is the technology that is most commonly used for the size and morphology characterization of nanoparticles, yet it cannot be operated ARTICLE under biologically relevant conditions and is of limited use in generating large population statistics. By offering rapid (with 1À2 min) and statistically reliable size distribution analyses of nanoparticles in liquid suspensions, HSFCM can serve as a complement to the TEM approach for the routine analysis and quality control of functional nanoparticles. One beneficial application of this technique could be the preclinical physicochemical characterization of a nanomedicine, including the measurement of its size distribution and its state of aggregation or agglomeration. Simultaneous Particle Size and Drug Content Analysis of Doxorubicin-Carrying Liposomes. In nanomedicine development, nanoparticles are used as carriers to deliver payloads such as therapeutic agents; thus, the simultaneous detection of both nanoparticles and their cargos is desirable. Doxil (doxorubicin-carrying liposomes) is the first FDA-approved nanomedicine (1995), and DLS and cryo-TEM are the two most commonly used methods for size analysis. 33, 34 To assess the feasibility of applying HSFCM for nanomedicine characterization, Doxoves, a research-grade product of PEGylated liposomal doxorubicin 35 whose physical characteristics and pharmacokinetics are comparable to those of Doxil, was analyzed as a model system. A representative cryo-TEM image and the particle size distribution histogram of Doxoves are provided in Figure 4a ,b, respectively. A substantial amount of variation in both size and doxorubicin content can be observed among individual particles. The particle size, measured as the average of the long and short axes of the oval-shaped liposomes, was found to be 62 ( 11 nm. It is worth noting that when doxorubicin becomes crystallized inside liposomal particles, its fluorescence is quenched compared with that of the free drug in solution. 36 Despite the small particle size and the significant fluorescence quenching (∼17-fold, Supporting Information Figure 5 ), Figure 4c demonstrates that HSFCM is sufficiently sensitive to detect both the scattered light and the intrinsic fluorescence of the doxorubicin emitted from each individual liposome. In as little as 1 min, more than 10 000 particles were analyzed, allowing statistically robust distributions to be rapidly generated (Figure 4d) . Notably, particle size and drug content could be correlated at the single-particle level, and a positive correlation was identified. Because of the comparable refractive indices of silica nanoparticles and lipid vesicles, monodisperse silica nanoparticles were used as the standard to calibrate the size measurement of the Doxoves nanoparticles based on their SS burst areas (Figure 4e) , and a nicely distributed Gaussian profile was obtained within minutes ( Figure 4f) . The median size measured in this fashion is in good agreement with the results of the cryo-TEM measurement, and the distribution is more statistically representative. However, it is worth noting that, at a certain wavelength, the average refractive index of a liposome is determined by the refractive indices of its aqueous content and the lipids at the membrane (∼1.48 at 488 nm) and by the volume ARTICLE fraction of lipids in the vesicle, in addition to the shape of the particle. 31, 37, 38 The encapsulation and crystallization of doxorubicin inside liposomes also complicates the issue. Therefore, caution must be taken if silica nanoparticles are to be used to accurately calibrate the size of liposomes with sizes or components different from Doxoves, as deviation from the true values may occur. Nevertheless, considering the very limited approaches that are available for the characterization of medicinal liposomes, HSFCM possesses a considerable advantage because it allows for the rapid and simultaneous analysis of size and drug content distributions at the singleparticle level and in liquid suspensions. Measurement of Particle Count and Fraction of siRNA Loading for Gene Delivery Systems. In addition to nanoparticlebased chemotherapy, nanoparticle-mediated gene therapy has received considerable attention over the past two decades. 39 Lipid nanoparticles (LNPs) encapsulating siRNA are currently the most extensively clinically validated means of enabling RNA interference. 40À42 However, it is challenging to determine the precise particle count and the fraction of loaded particles. Although, in principle, particles can be counted in cryo-TEM images, the nonuniformity of LNP distribution in vitrified samples on electron microscopy grids makes it difficult to obtain a precise particle count. Moreover, the comparable size, shape, and electron density of empty and siRNA-loaded LNPs render cryo-TEM less effective in determining the fraction of siRNA loading. 43 We implemented HSFCM to characterize siRNAloaded LNPs with the same composition as those currently being used in clinical testing. 44 The siRNA-loaded 
ARTICLE
LNPs, along with empty LNPs as a control, were prepared by Alnylam Pharmaceuticals (Cambridge, MA). First, using an 80 nm diameter fluorescent silica nanoparticle of a known concentration as an internal standard, the particle concentration of siRNA-loaded LNPs (with an siRNA concentration of 0.1 mg/mL) was measured to be 7.0 Â 10 12 particles/mL (Figure 5a ).
Based on the concentration and molecular weight (∼13 500 Da) of the encapsulated siRNA, it was calculated that the LNPs contained an average of ∼650 siRNAs per particle. This single-particle enumeration approach is simple (label-free) and rapid (minutes), and it does not require a known mass density or the assumption of a regular shape. 45 Next, the empty and siRNA-loaded LNP samples were analyzed upon fluorescent staining with SYTO 82, a cell-permeant dye that labels nucleic acids. Figure 5bÀd demonstrates that near-complete discrimination between the empty and siRNA-loaded LNPs was achieved based on the fluorescence signal, and the fraction of siRNA loading was determined to be approximately 100%. Through DLS measurement, the number-averaged sizes of the empty and siRNA-loaded LNPs were determined to be 45 ( 14 and 54 ( 13 nm, respectively. Therefore, the very broad distribution of the SS burst areas of the LNP specimens can most likely be attributed to the large intrinsic variation in particle size, which can be significantly exaggerated in the variation of the scattered light intensity because of the sixth-order dependence on particle size.
CONCLUSIONS
In summary, our study demonstrates for the first time that light-scattering detection of single nanoparticles with light-producing power below the level of single fluorescent molecules can be achieved by the HSFCM via the direct measurement of the scattering intensity. Most notably, adopting a sheathed flow system to confine the sample stream and isolate it far from the wall of the flow channel is indispensable to probe volume reduction and to the efficient block of the scattered light from cuvette windows. By pushing the light-scattering detection size limits for single nanoparticles down to 24 and 7 nm in diameter for silica and gold nanoparticles, respectively, HSFCM enables the analysis of nanoparticles that would have previously been difficult to characterize. Compared with other newly developed single-particle techniques, simultaneous assessments of various particleassociated biochemical attributes via current fluorescence detection represents a distinct advantage of the HSFCM. Our results extend the applicability and versatility of flow cytometry from the micron and submicron size range of particles down to the nanoscale. Besides the characterization of nanomedicines and other synthetic nanoparticles, we anticipate that HSFCM would open up new routes for the quantitative multiparameter analysis of naturally occurring biological nanoparticles, including viruses, cellular organelles, cell-derived exosomes, and protein assemblies.
METHODS
Transmission Electron Microscopy and Dynamic Light Scattering Measurements. TEM images of monodisperse silica nanoparticles and fluorescent silica nanoparticles were acquired using a JEOL JEM-2100 (HR) transmission electron microscope. Cryo-TEM measurement was performed using a Tecnai F20 transmission electron microscope (FEI) operating at 200 kV. The cryo-samples were prepared as follows: A special copper grid coated with carbon was processed through a Gatan SOLARUSTM plasma cleaning system to remove hydrocarbon contamination on the sample holder. Doxoves liposomal doxorubicin HCl was diluted 5-fold in 5% glucose buffer and then dropped onto the copper grid in the FEI Vitrobot sample plunger. The sample preparation was completed in the plunger. For each nanoparticle sample, 150 individual nanoparticles in the TEM micrographs were examined to determine the particle size distribution histogram and the median diameter. DLS measurements of nanoparticle samples were performed using a Zetasizer Nano-ZS90 (Malvern Instruments, Ltd.). A standard disposable cuvette was used to hold 100 μL of the nanoparticle suspension to be analyzed. Multiple measurements of each sample were averaged to improve accuracy. The mean and distribution were obtained in accordance with analysis by particle number.
Fluorescence Intensity Quantification of Fluorescent Silica Nanoparticles. The fluorescence intensity of the 80 nm diameter fluorescent silica nanoparticles was quantified in units of MESF per nanoparticle. Because the laser excitation wavelength was 532 nm and the Alexa Fluor family of fluorescent dyes are less pH sensitive and more photostable than the original dyes (e.g., fluorescein, rhodamine), AF532 was used to calibrate the fluorescence intensity of silica nanoparticles doped with RBITC as ARTICLE follows. A Shimadzu RF-5301 spectrofluorometer was used for the fluorescence measurement. AF532 solutions at selected concentrations were measured to construct a standard calibration curve. Then, the fluorescence signal of a 1.0 Â 10 11 /mL nanoparticle suspension (concentration calibrated against a diluted sample of a known concentration of 100 nm Orange FluoSpheres via singleparticle enumeration using HSFCM) was compared with the calibration curve to determine the equivalent concentration of AF532 fluorochrome. The MESF-AF532 value per nanoparticle was then calculated by dividing the equivalent fluorochrome concentration by the particle concentration. The calibrated fluorescence intensity was found to be 425 MESF-AF532 for 80 nm diameter RBITC-doped fluorescent silica nanoparticles.
Fluorescence-Quenching Measurement of Liposome-Encapsulated Doxorubicin. One hundred microliters of Doxoves was applied to a Sephadex G-25 column and eluted with 3 mL of dilution buffer (10% sucrose, 10 mM histidine, pH = 6.5) to remove free doxorubicin. The liposome-encapsulated doxorubicin was released by treatment with 1% Triton X-100 at 65°C for 15 min. The fluorescence-quenching factor of Doxoves was determined by measuring the fluorescence intensity before and after liposome disruption. In each case, the sample was diluted 64-fold to avoid fluorescence inner-filter effects resulting from a high particle concentration of Doxoves or a high concentration of released doxorubicin.
Staining of siRNA-Loaded Lipid Nanoparticles. Both the siRNAloaded LNPs and the empty LNPs (approximately 1 Â 10 13 /mL) were diluted 4000-fold with DI water. SYTO 82 nucleic acid stain (at the stock concentration of 5 mM) was diluted 50-fold to 100 μM. Then, 2 μL of 100 μM SYTO 82 was added to 98 μL of each diluted LNP samples. The resulting mixture was incubated at 37°C for 30 min prior to HSFCM analysis.
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